Abstract Changing the direction of the line of sight is essential for the visual exploration of our environment. When the head does not move, re-orientation of the visual axis is accomplished with high velocity, conjugate movements of the eyes known as saccades. Our understanding of the neural mechanisms that control saccadic eye movements has advanced rapidly as speciWc hypotheses have been developed, evaluated and sometimes rejected on the basis of new observations. Constraints on new hypotheses and new tests of existing models have often arisen from the careful assessment of behavioral observations. The deWnition of the set of features (or rules) of saccadic eye movements was critical in the development of hypotheses of their neural control. When the head is free to move, changes in the direction of the line of sight can involve simultaneous saccadic eye movements and movements of the head. When the head moves in conjunction with the eyes to accomplish these shifts in gaze direction, the rules that helped deWne head-restrained saccadic eye movements are altered. For example, the slope relationship between duration and amplitude for saccadic eye movements is reversed (the slope is negative) during gaze shifts of similar amplitude initiated with the eyes in diVerent orbital positions. ModiWcations to the hypotheses developed in headrestrained subjects may be needed to account for these new observations. This review brieXy recounts features of headrestrained saccadic eye movements, and then describes some of the characteristics of coordinated eye-head movements that have led to development of new hypotheses describing the mechanisms of gaze shift control.
The goal of this review is to present and discuss the development of ideas about the mechanisms that control visual orienting movements. An appreciation of the rules that characterize the coordination of the eyes and head is a critical step in constraining and possibly rejecting alternative hypotheses describing their control. Development of speciWc models of gaze control, and designing neurophysiological experiments that further deWne the implementation of these mechanisms has been and continues to be dependent upon a clear understanding of how the eyes and head move together in order to redirect the line of sight. This review will focus on eye-head coordination and the kinematics (temporal progression) of gaze shifts, the alterations of saccadic eye movements that occur when coupled with movements of the head, and how these observations have inXuenced formal descriptions of this system. Visual orienting behaviors will be emphasized and data from non-human primates will be discussed in detail. In addition, movements to targets displaced along the horizontal meridian will be the primary focus; there has been signiWcantly less work on vertical and oblique gaze shifts (although see Tomlinson and Bahra 1986a; Tweed et al. 1995; Goossens and vanOpstal 1997; Freedman 2005; Freedman and Cecala 2008) . The neural elements and description of neurophysiological observations will be touched on only brieXy (see Fuchs et al. 1985; Sparks and Hartwich-Young 1989; Keller 1991; Sparks 1991; Freedman and Sparks 1997a; Scudder et al. 2002) . Although the ultimate goal of much of the discussed research is the revelation of the neural mechanisms that underlay the observed behavior, correlations between aspects of gaze, eye and head movements can confound interpretations of neural recording studies. Unambiguous conclusions can be drawn only when movement parameters are dissociable, and this review will focus on identifying conditions of these dissociations.
Context
The foveal region of the primate retina subtends about 5° of visual angle. As a result of this concentration of photoreceptors (cones), at any one time, high acuity visual information is available from only »0.03% of the surrounding environment. With each shift in the direction of gaze, new images fall on the highly specialized region of the retina permitting sequential extraction of high resolution visual information from a much larger portion of the world. Volitional shifts of the line of sight can be accomplished with high velocity, saccadic eye movements. These conjugate movements of the eyes are deWned by a set of stereotypical relationships between movement amplitude, duration and peak velocity, and generally occur at a rate of 3-4 per second. Saccades can greatly increase the range of the visual environment that can be surveyed. However, eye movements are neuromechanically restricted such that when the eyes begin in a central orbital position, the largest movements do not typically exceed §40-45° (in humans and rhesus monkeys; the oculomotor range in many other species is signiWcantly smaller). To extend these limits without moving the body, animals with mobile heads can redirect the line of sight by simultaneously moving the head and eyes. While the control of eye-head movements is of interest because it provides insight into the generation and control of coordinated multi-joint movements, gaze shifts are also behaviorally relevant and critically important for proper functioning of the visual system.
When the head does not participate

Behavioral observations
In a number of species (including humans, non-human primates, cats, rabbits, etc.) that have mobile eyes and heads, changing the direction of the line of sight does not necessarily require simultaneous movements of the head. The oculomotor range of humans and rhesus monkeys is approximately §40° (along the horizontal meridian-it is slightly smaller along the vertical axis) and movements to targets within this central 80° region could be accomplished without head movements. As described below, the actual size of the region of visual space over which saccades are made without contributions from simultaneous head movements is much smaller than 80°. Nonetheless, saccades can be made in the absence of head movements (in fact as you read this, you are making a series of small saccades to the right followed by a larger saccade to the left, but unless you are sitting very close to your computer screen or to the manuscript, it is unlikely that head movements are helping you redirect your line of sight; see (Lee 1999) for discussion of eye-head coordination during reading). Experimentally, saccadic eye movements were described under conditions that prevented movements of the head. Several measures of saccades made under these restricted conditions are illustrated in Fig. 1 . As shown in panel A, during saccades made along the horizontal meridian and within the amplitude limits displayed (from 5 to 45°), the duration of a saccade increases linearly with increases in movement amplitude. In this example the slope of this relationship was 1.4 ms/°. Similar values have been reported by others, although with human subjects the slopes of these relationships tend to be between 1.5 and 3 ms/° (Bahill et al. 1975 (Bahill et al. , 1981 Baloh et al. 1975) . Over the same range of saccade amplitudes, peak velocity increases monotonically as amplitude increases (Fig. 1b ), but the relationship is non-linear and approaches a limit that in rhesus monkeys is »900-1,000°/s. The linear duration-amplitude and non-linear Fig. 1 Saccade duration (a) and peak velocity (b) are plotted as functions of saccade amplitude for a set of 405 movements made when the head was prevented from moving. Data are from a rhesus monkey; movements initiated with the eyes centered in the orbits peak velocity-amplitude relationships are the deWning characteristics of saccadic eye movements.
In addition to the metrical relationships shown above, saccadic eye movements made when the head is restrained evolve as a function of time in a stereotyped pattern that is amplitude dependent. Figure 2 illustrates this pattern by plotting eye position (Fig. 2a) and velocity (Fig. 2b) as functions of time for three head restrained saccades. Movements were directed along the horizontal meridian and had amplitudes of 9° (solid line), 18° (dashed line), and 30°( dotted line). Position and velocity traces are aligned on movement initiation. As movement amplitudes increased, peak velocity and duration increased. In addition, as shown in Fig. 2b , saccadic eye movements generally accelerate along the same trajectories regardless of amplitude. Velocity proWles are typically symmetrical, especially during movements between »5 and 25°. During larger saccades the deceleration phase is often longer than the acceleration phase, skewing the velocity proWle (van Gisbergen et al. 1984; van Opstal et al. 1987) . Nonetheless, for a given amplitude (and direction) saccade velocity proWles are stereotyped. These relationships make it possible to predict (with reasonable accuracy) the duration and peak velocity of a saccade as well as the shape of the velocity proWle given only information about movement amplitude and direction, or in fact, given only information about the locations of the visual targets since the vector of a saccade is correlated with target displacement.
Models of the saccadic system
Using information about the saccadic system, the activity of motor neurons (Robinson 1970) and the biomechanics of the eye, its musculature and connective tissues (Robinson 1964 (Robinson , 1969 , Robinson developed a control systems-based model of the saccadic system (Robinson 1973a, b; vanGisbergen et al. 1981) . This model was based on the assumption that eye position in the orbit was controlled via feedback. Based on experimental observations of saccades of diVerent speeds this assumption was challenged. It was suggested that eye displacement (the change in position) was the controlled parameter (Jürgens et al. 1981a; Becker and Jürgens 1990) . This modiWed hypothesis has survived repeated tests of its predictions and remains one of the clearest examples of the beneWts and proper use of modeling in understanding brain function. The Becker and Jür-gens model (schematized in Fig. 3 ) uses a second order linear Wlter that approximates the elastic and viscous properties of the orbits, muscles and connective tissue (collectively known as the oculomotor 'plant'). As shown, in Fig. 3 , there are two inputs to this Wlter, one that is proportional to saccade velocity (the output of the saccade burst generator), and a second that is proportional to eye position relative to the head [derived by mathematically integrating the velocity command (the integrator is indicated using Laplace transform notation: 1/s)]. The velocity command is produced by a high gain, non-linear element known as the burst generator [the exponential function that converts motor error (ME) into a signal proportional to saccade velocity as given in Fig. 3 ]. The input to this hypothesized element is the current motor error-the diVerence between the current position of the eyes and the position that is intended or desired at the end of the saccade. This error signal is calculated by comparing an input of desired position with an internal estimate of the current position-an estimate based on the integral of the output of the burst generator. This local feedback concept was introduced to avoid the diYculties that arise from using visual feedback to assess current eye position. In particular, the long retinal processing delays (40-50 ms) can be longer than the duration of many saccades. As a result of this long delay, feedback control using visual information would be unstable. Using an internal estimate of the current position permits the increased accuracy of feedback control without the instability of long delay times. In a slight modiWcation of this original model, the input is changed to a signal of the desired displacement of the eyes (a signal independent of the positions of the eyes in the orbits) and the current displacement estimate is calculated through a resettable feedback integrator (reset after completion of each saccade) that is separate from the feed-forward integrator. Several reviews of these ideas describe the neural mechanisms that (Jürgens et al. 1981a; Fuchs et al. 1985; Hepp et al. 1989; Keller 1991; Moschovakis 1994; Leigh and Zee 1999; Scudder et al. 2002; Sparks 2002) .
When the head contributes
A number of issues arise when gaze shifts are made under conditions that permit movements of the head. Among these are: Under what conditions does the head contribute to the gaze shift? Are the eye and head components of gaze shifts tightly linked or are they dissociable? What factors determine how large the head contribution will be? Do the rules that deWne head-restrained saccades remain unaltered when the head moves? If not, what are the deWning characteristics of head-unrestrained gaze shifts? When the head does make a contribution, it is moving at the same time and in the same direction as the eyes, so what role does the vestibulo-ocular reXex (VOR) play during these movements? How do these two competing subsystems (the gaze-stabilizing VOR and the gaze-destabilizing gaze shift command) coexist? Although many of these issues have been investigated, there is not necessarily consensus on the answers that have been proposed. As discussed below, the study of the neural control of coordinated movements continues to be a rich and vigorous pursuit.
Temporal coupling of eyes and head
In some of the earliest work on eye-head coordination, Bizzi et al. recorded horizontal eye and head movements as well as neck muscle EMG in trained rhesus monkeys (Bizzi et al. 1971 (Bizzi et al. , 1972a Morasso et al. 1973) . They described a typical gaze shift beginning when the eyes and head were stationary. A similar movement is shown in Fig. 4 , in order to highlight several of the key points made by Bizzi et al.; this Wgure also provides an opportunity to deWne important aspects of gaze shifts. For example, gaze shifts are deWned as the change in the direction of the line of sight relative to a Wxed, external referent (i.e. the line of sight in space). Head movements are similarly deWned as head positions in space. Eye movements or saccades, are deWned as the change in eye positions relative to the head. In Fig. 4 gaze (solid line), eye (dotted line) and head (dashed line) positions are plotted as functions of time and superimposed for comparison. As indicated, the gaze shift begins when the saccadic eye movement rapidly changes the positions of the eyes relative to the head. The gaze shift ends when the line of sight is directed toward the visual target, and the rapid eye movement component of the gaze shift ends at approximately the same time. At this point the eyes are deviated in the orbits by »30° and the head has moved <2°. Although the line of sight is now directed at the visual target and the saccadic eye movement has ended, the head does not stop moving for an additional 250 ms and 15° of rotation. During this continuing movement of the head toward the target, the eyes move in the opposite direction at a velocity that is approximately the same as that of the head. As a result the direction of the line of sight changes very little. Two distinct measures of the head movement can be deWned. The Wrst is the total movement of the head from start to Wnish (in this example 17°). The second is a measure of the amount that the head movement contributed to the accomplishment of the gaze shift (often referred to as the head contribution), and in this example the head contributed »2°t o the overall change in gaze.
The movement described above is fairly typical of gaze shifts of this amplitude made to visual targets that appear in unexpected locations and/or at unpredictable times (Bizzi et al. 1972a; Zangemeister and Stark 1982) . The saccadic eye movement begins 25-40 ms before the head movement begins, and it ends just after the onset of the head movement. Despite the delay in the beginning of the head Fig. 3 Schematic diagram showing the major features of the saccade control circuit. Desired displacement of the eye serves as the reference input to a comparator. An internal estimate of current eye displacement is subtracted from the reference signal to produce a signal of current motor error. This is the input to the saccade burst generator-an exponential function that produces a signal proportional to saccade velocity (burst generator function is displayed: Vel is the velocity command as a function of time; G the asymptotic value of the exponential function or "gain"; ME the motor error input). The saccade velocity command is the direct input to the "oculomotor plant" (muscles, connective tissue and orbital mechanical properties approximated by a second order linear Wlter). The second input to the plant is the integral of the velocity command (1/s = Laplace notation for integration). In addition a second resettable integrator resides in the feedback pathway and contributes to the generation of the internal estimate of current displacement movement, measurement of eye and neck muscle activity using electromyography (EMG) indicates that an increase in agonist (and decrease in antagonist) neck muscle EMG precedes the increase in eye muscle EMG by 20 ms (Bizzi et al. 1972a; Zangemeister and Stark 1981) . These data suggest that the neural signals used to "initiate triggered eyehead coordination are delivered synchronously to all neck muscles and shortly thereafter to the eyes (Bizzi et al. 1972a) ".
In addition to synchronous activation of neck and eye muscles seen during head unrestrained gaze shifts, other data suggest a tight coupling of the timing of the eye and head components of gaze shifts. For example, in rabbits (Collewijn 1977) , cats (Vidal et al. 1982) , and monkeys (Lestienne et al. 1984 ) with restrained heads, there is a clear coupling of neck muscle EMG and eye position. During saccadic eye movements, vestibular nystagmus and pursuit, when the eyes move away from the center of the orbits, neck muscle activity on the side ipsilateral to the direction of the eye movement increases, and contralateral neck muscle activity decreases. Lestienne et al. (1984) point out the tight coupling between saccadic eye movements and attempted head movements (assessed using neck muscle EMG in the head restrained subject) and suggest that eyehead coupling although perhaps not compulsory in primates may be an underlying mechanism for eye-head coordination. In the head unrestrained cat, the coupling between eyes and head during gaze shifts is even more pronounced (Guitton et al. 1990 ). These authors argue that the covariance of eye and head movement velocities, covariance of eye and head latencies, and the generally linear phase plane relationships (plots of head acceleration as a function of eye velocity are linear during the rapid portion of gaze shifts in the cat) are indicative of a common motor command that drives both the head and eyes (Guitton et al. 1990; Galiana and Guitton 1992) .
Although movements of the eyes and head can occur synchronously, suggesting a tight coupling and perhaps indicating a common motor command, it is possible to dissociate the initiation of eye and head movements. For instance, the relative timing of the eyes and head depends upon several factors including the spatial and/or temporal predictability of the target (Bizzi et al. 1972a; Zangemeister and Stark 1982) , gaze shift amplitude (Barnes 1979; Guitton and Volle 1987; Freedman and Sparks 1997b) , and a propensity to move the head (Fuller 1992; Stahl 1999) . Task requirements are also likely factors. For example, in some reports using cats as subjects the saccadic eye movement tended to precede head movement onset by »30 ms (Blakemore and Donaghy 1980) , whereas in other studies the timing of eyes and head was reversed: head movements preceded saccade onset by »40 ms (Guitton et al. 1984) . This variability in the relative timing of the start of eye and head movements suggests that the triggering of the eyes and head are separable. The EMG data also indicate that the underlying neural control signals occur at diVerent times (Bizzi et al. 1972a; Morasso et al. 1973) . Experimentally, gaze and head positions are measured directly using scleral and head-mounted coils sitting inside alternating magnetic Welds (Fuchs and Robinson 1966; Judge et al. 1980 ) and eye position is calculated by subtracting head from gaze positions. Arrows indicate features of eye-head movements, discussed more fully in related text
Additional support for the idea that the triggering of eye and head components of gaze shifts are not tightly coupled comes from comparison of the relative timing of eye and head movement onset during gaze shifts of diVerent amplitudes. The relationship between gaze shift amplitude and relative eye-head onset times was implicit in data from Zangemeister and Stark (1982) . One type of movements had small amplitudes and the head lagged saccade onset (Zangemeister and Stark Type 1), whereas, other movements were much larger and the head movement began before the onset of the saccade (Type 3). In non-human primates, as gaze shift amplitude increases, the time from saccade onset to head movement onset declines monotonically, until head movement onset is simultaneous with the onset of saccades, or even precedes saccade onset (Freedman and Sparks 1997b) . In human subjects, head movements that preceded the onset of saccades were also observed, particularly when the target location was predictable (Moschner and Zangmeister 1993) .
Finally, it is possible to artiWcially delay the onset of saccadic eye movements by electrically stimulating in the pontine omnipause region. When stimulation in this region occurs just prior to the onset of a gaze shift, the beginning of the saccadic eye movement is delayed until after the end of the stimulation train. In contrast, head movement initiation occurs at approximately the same time relative to the movement initiation cue (Gandhi and Sparks 2007) . These data are consistent with the hypothesis that the activity in omnipause neurons prevents the onset of saccadic eye movements, but does not appear to aVect the triggering of movements of the head.
To summarize, from observations of visual orienting behavior it is clear that movements of the eyes and head can begin at approximately the same times. However, recording the activity of neck and eye muscles reveals that even when movement onsets are synchronous, the command to move the head precedes the command to move the eyes. Furthermore, inspection of the behavior over a broad range of gaze shift amplitudes, task requirements, and target predictability indicates that the relative timing of eye and head movements is variable: the head can lag the onset of eye movements during small amplitude gaze shifts, but during large amplitude movements, or movements to target locations that are predictable head movements can begin well before saccades. And, electrical stimulation in the omnipause neuron region can delay saccade onset without altering the initiation of head movements; evidence that the triggering mechanisms for the eyes and head are not shared. Taken together these data suggest a separation (at least with respect to movement initiation) of head and eye command signals within the brainstem structures that control coordinated eye-head movements.
Amplitude coupling of eyes and head
Although the initiation of eye and head movements during gaze shifts can be asynchronous it remains plausible that the control of the amplitude of these movements is not separable. Reconsider the example gaze shift illustrated in Fig. 4 . During this trial an initial Wxation light was illuminated directly in front of the subject. After Wxation of this target it was turned oV and a second visual stimulus was presented at a location 35° to the left. A gaze shift to redirect the line of sight to this location was initiated and the eyes began to rotate relative to the head. When the line of sight was relocated, the eyes were deviated by 32° in the orbits. The head also moved to the left during this trial and contributed 2-3° to the redirection of the line of sight. As pointed out above, the head continued to rotate after the gaze shift was complete and during this interval the eyes rotated in the opposite direction at approximately the same velocity, stabilizing the line of sight at the new location. An important question about this movement is whether this pattern is always observed when 35° gaze shifts are made, suggesting an obligatory link between the visual inputs and the movements of the eyes and head, or whether a 35° gaze shift can be accomplished using a variety of eye and head movement patterns. Are the relative roles of the eyes and head determined by the amplitude of the gaze shift? Or are there other factors that inXuence the coordination of these two mobile elements?
There is a systematic relationship between the amplitude of the eye movement, the contribution of the head and the size of the gaze shift. During movements along the horizontal meridian that begin with the eyes and head directed at the initial Wxation target, saccade amplitude increases linearly with a slope near unity when small gaze shifts are made. As gaze shift amplitudes increase, however, the slope of the relationship between eye and gaze amplitude declines, and over a range of large amplitude gaze shifts the amplitude of the saccade component remains relatively constant. Observations of this type have been made in a variety of species including cats (Guitton et al. 1984 (Guitton et al. , 1990 , non-human primates (Tomlinson and Bahra 1986a; Phillips et al. 1995; Freedman and Sparks 1997b) , and human subjects (Guitton and Volle 1987; Stahl 1999 ). Figure 5 illustrates an example from non-human primates in which gaze shifts that ranged in amplitude from 5° to 80° were made along the horizontal meridian. As shown, during movements between 5° and »20°, eye movement amplitude (Fig. 5a ) was nearly equal to gaze shift amplitude (dashed line in Fig. 5a has slope = 1). Although the head moved during some of these trials (Fig. 5b) it contributed <5° to the overall change in the direction of the line of sight (Fig. 5c ). As gaze shift amplitude increased beyond 20°, saccade amplitude continued to increase linearly, but the slope of the eye amplitude-gaze amplitude relationship was less than 1 (solid gray line in Fig. 5a ). For these larger movements, gaze shift amplitude increased as a result of the increasing contribution of the head (Fig. 5c) . The transition from gaze shifts made almost exclusively by the eyes (with little or no head contribution) to gaze shifts that have similar saccadic contributions and steadily increasing head contributions occurred between 20 and 25° in this example.
The amplitude of the gaze shift at which the above transition occurs and the saturating function that describes the relationship between eye and gaze shift amplitude was perhaps expected if we consider the mechanical limitations on movements of the eyes. As stated above, when the eyes are initially in a central position in the orbits, they are mechanically constrained; in rhesus monkeys the eyes can rotate only §45°. Under these conditions gaze shifts larger than 45° require a contribution of the head, and as gaze shift amplitude increases beyond 45° the head contribution must increase linearly with a slope near 1. Interestingly, this mechanical limit is rarely (if ever) reached during gaze shifts made under experimental conditions. As shown in Fig. 5 , saccade amplitudes did not exceed a functional limit (»35°) that was signiWcantly smaller than the physical limitations of the orbits (Guitton et al. 1984; Guitton and Volle 1987; Phillips et al. 1995; Freedman and Sparks 1997b ).
The observations above led to the uncovering of one of the critical factors governing eye-head coordination: the positions of the eyes in the orbits at the beginning of the gaze shift (Tomlinson and Bahra 1986a; Delreux et al. 1991; Becker and Jürgens 1992; Volle and Guitton 1993; Fuller 1996; Freedman and Sparks 1997b; Stahl 1999; Freedman and Sparks 2000) . The eVects of initial eye position on the relative amplitudes of the eyes and head during gaze shifts is illustrated in Fig. 6 . In panel b, horizontal eye movement amplitude (gray) and head contribution (black) are plotted as functions of gaze shift amplitude for a set of movements made when the eyes and head were initially aligned. Although from a diVerent subject, these data are similar to those shown in Fig. 5 ; however, in Fig. 6 gaze shift amplitudes did not exceed 50°. Nonetheless, similar relationships between eye, head and gaze shift amplitudes were observed. During small gaze shifts the head did not contribute and saccadic eye movements made up the entire gaze shift. However as gaze shift amplitudes increased beyond »25°, the rate of increase in eye movement amplitude as a function of gaze amplitude began to decline and head contribution began to increase. As gaze shift amplitude continued to increase, eye movement amplitude increased at a much slower rate. Further increases in gaze amplitude were accomplished by increases in the contribution of the head. However, when the eyes began deviated in the orbits, the relative amplitudes of the eyes and head were altered. In panel A, for example, the eyes began deviated away from the direction of the gaze shift (eyes began deviated 15° to the left of center relative to the head). The oculomotor range that is now available for the eyes to rotate has been increased by »15° before the neuro-mechanical limit is approached. Under these conditions, as shown in panel A, gaze shifts >30° were accomplished without contributions of the head. In addition, the rate of increase in the contribution of the head to increases in gaze amplitude was reduced (Freedman and Sparks 1997b) . In contrast, when the eyes began deviated in the orbits in the direction of the ensuing gaze shift (panel c), the head began to contribute to gaze shifts that were smaller than 20°. Also, the slope of the 5 Relative contributions of the eyes and head to gaze shifts of diVerent amplitudes directed along the horizontal meridian. Movements initiated with the eyes centered in the orbits. Eye movement amplitude (a), total head movement amplitude (b), and head contribution (c) are plotted for the same set of trials. Total head movement amplitude is the change in head position from the beginning to end of head movements; head contribution is the change in position of the head that occurs during the gaze shift and actually contributes to the overall change in the direction of the line of sight. Dashed and solid lines in a are described in the text linear relationship between head contribution and gaze amplitude was steeper during movements made under these conditions. As a result, during gaze shifts having similar amplitudes (in this example consider gaze shifts of 45°-dashed line) saccade amplitudes were 40° when the eyes begin deviated away from the direction of movement (Fig. 6a) , 35° when the eyes and head were centered (Fig. 6b) , and »28° when the eyes began deviated in the direction of movement (Fig. 6c) . Greater diVerences in saccade amplitude during 45° gaze shifts would be seen if the eyes were deviated by more than 15° at the onset of movements. Similarly, as a result of initiating 45° movements with the eyes in diVerent positions, head contributions varied from 5 to 20°.
The eVects of initial eye position on the relative contributions of the eyes and head are very important in understanding eye-head coordination. As shown, gaze shifts of a particular amplitude are not made up of a particular eye movement coupled with a particular head movement. Instead, similar amplitude gaze shifts can be constructed of eye and head movements having a variety of amplitudes, accomplishing the gaze shift without a head contribution on one trial and on another the head might contribute more than 50% of the overall change in gaze direction. This might lead to the erroneous conclusion that there is great variability in the control of eye and head movements. But this variability can be accounted for by considering the positions of the eyes at the onset of the gaze shift. Given information about initial eye position, and the amplitude of the intended movement, the amplitudes of the eye and head components of gaze can be accurately predicted (Stahl 1999; Freedman and Sparks 2000; Freedman 2001 Freedman , 2005 . As discussed in a later section, this observation will constrain hypotheses concerning the control of gaze shifts.
Kinematics and head-eye interactions
Gaze shifts are often accomplished with simultaneous eye and head movements. One possible mechanism for coordinating the eyes and head would be to initiate a saccade of a particular amplitude and execute it in exactly the same way regardless of whether or not a head movement contributes to the gaze shift. Given the amplitude of the required gaze shift and the positions of the eyes, the head might or might not contribute, but the saccadic eye movement would have properties that did not depend upon the movement of the head. The relationships between amplitude, peak velocity and duration of saccades would remain unaltered, and the velocity proWles of saccades would continue to be (nearly) symmetrical. However, from some of the earliest studies of eye-head coordination, there is clear evidence that this is not the case. For instance, Bizzi et al. (1972a) report that during "predictive" movements, the early head movement had a signiWcant impact on the time course of saccades: peak velocities were lower and durations longer than comparable saccades made under "triggered" conditions (i.e. when the occurrence of the movement initiation cue was unpredictable). In addition to diVerences in task requirements, one of the critical distinctions between the movements they observed during "triggered" and "predictive" gaze shifts was that during "predictive movements the head contribution was systematically larger than during 'triggered' movements to the same targets".
As part of their systematic description of eye-head coordination in the rhesus monkey Phillips et al. (Phillips et al. 1995) describe the relationship between peak eye velocity and gaze shift amplitude (their Fig. 10 ). As gaze amplitude increases from »5° to 25°, peak eye velocity increases and begins to saturate-as it does when the head is restrained. However, there is signiWcantly increased variability in peak saccade velocity during gaze shifts when the head is allowed to move. For example, Phillips reports that during 30° gaze shifts, peak saccade velocity could range from 800°/s to as little as 300°/s. Compare this range to that observed during head restrained saccades (Fig. 1) . In addition, it was reported that rather than increasing monotonically with saccade amplitude, peak saccade velocity increased initially but then began to decline as gaze shift amplitudes continued to increase (Phillips et al. 1995) . Tomlinson (1990) reported a similar reduction in peak saccadic velocity compared to head restrained saccades having similar amplitudes.
As discussed above, gaze shifts of any particular amplitude can be composed of a variety of combinations of eye and head movements. The relationship between saccade velocity and gaze shift amplitude is much less variable when the initial positions of the eyes are considered (Freedman and Sparks 1997b). In Fig. 7 , peak saccade velocity is plotted as a function of gaze shift amplitude during horizontal gaze shifts beginning with the head and eyes aligned. As gaze shift amplitude increased from 5 to 20° saccade velocity increased monotonically, as it does during head restrained saccades. With the eyes and head aligned, the head contributes very little to gaze shifts over this range of amplitudes. As a result, there is little if any diVerence between these gaze shifts made with the head unrestrained (but accomplished without a head contribution), and saccades having similar amplitudes made when the head is restrained. As gaze amplitude increased and head contribution increased, saccade velocity declined. This decline continued as gaze shift amplitudes increased from 30° to 50°, until peak saccade velocity was <300°/s. Saccade velocity remained at this reduced level for gaze shifts between 50°a nd 80° (Freedman and Sparks 1997b) . For comparison, Fig. 7b plots the peak saccade velocity data from panel A as a function of the amplitude of the saccadic eye movement. As shown the relationship between saccade peak velocity and amplitude is very diVerent when the head and eyes move together. The monotonic, soft-saturation of peak velocity plotted as a function of saccade amplitude observed when the head is prevented from moving, is replaced by an initial increase in velocity followed by a marked decline as head contribution increases.
As shown earlier, as gaze shift amplitudes increase, the contribution of the head also increases (Figs. 5, 6 ). The reduction in gaze shift velocity and saccade velocity might result either from a gaze shift command that speciWes a reduced velocity, or as a result of an interaction between the eyes and head. It is fairly simple to separate these alternatives by considering gaze shifts having similar amplitudes that are initiated with the eyes in diVerent orbital positions. Under these conditions, a gaze displacement command remains constant, but the contribution of the head will vary depending upon the initial eye position. Figure 8a illustrates the relationship between peak gaze velocity and head contribution during horizontal gaze shifts with amplitudes of 35°. As shown, during gaze shifts of similar amplitude, when the head contribution was small, peak gaze velocity was >800°/s, however, gaze velocity declined to »400°/s when the head contribution increased. A similar eVect of head contribution on average saccade velocity during saccades of constant amplitude (Fig. 8b) was reported by Freedman and Sparks (1997a) , and was consistent with the suggestion that the head and eye movement commands were interacting to reduce saccade velocity as a function of the associated head movement (Tomlinson and Bahra 1986b; Freedman 2001) .
In addition to the decline in saccade velocity that occurs as the velocity of the associated head movements increases, Fig. 7 Peak saccade velocity (a) plotted as a function of gaze shift amplitude observed during head unrestrained horizontal gaze shifts initiated with the eyes centered in the orbits. For comparison, peak saccade velocity is also plotted as a function of eye movement (saccade) amplitude (b), during a similar set of horizontal gaze shifts initiated when the eyes were centered in the orbits velocity proWles of saccades depend upon the associated movements of the head. In Fig. 9 , eye and head velocities are plotted as functions of time during saccades having similar amplitudes (38°) and directions (along the horizontal meridian). Head movement amplitudes varied from »12°t o >45°. Note in this Wgure as head velocities are displaced 450°/s along the ordinate; each panel shows the mean ( §SD) of between 12 and 20 trials. When 38° saccades were coupled with small head movements (A and F) saccade velocity proWles had single peaks, and movements had short durations and high peak velocities. However, as head movement amplitudes increased, peak saccade velocity declined, duration increased and velocity proWles often had two peaks. This type of double peaked saccade velocity proWle has been seen repeatedly in data from both rhesus monkeys (Tomlinson and Bahra 1986a; Cullen and Guitton 1997a, b; Sparks 1997b, 2000; Roy and Cullen 1998; Freedman 2005) and humans (see Fig. 10b ; control data from Cecala and Freedman 2008) , during horizontal (Freedman and Sparks 2000) and vertical gaze shifts (Freedman 2005) , and during large amplitude gaze shifts evoked by electrical stimulation of the superior colliculus (Freedman et al. 1996) . The occurrence of saccade or gaze velocity proWles with two peaks depends not on the amplitude of gaze shifts, but on the velocity of the associated head movement, and on the relative timing of the eye and head components of gaze. In fact, large reductions in saccade velocity often occur before the onset of head movements as illustrated in Fig. 10 . Figure 10 illustrates two pairs of gaze shifts one pair made by a rhesus monkey (a) and the other by a human (b) subject. In both cases, eye (solid lines) and head (dotted lines) velocities are plotted as functions of time. Gaze shift amplitudes were »35° in all cases, but the amplitudes of the associated head movements were diVerent; the eyes began either aligned with the head (gray traces) or deviated in the direction of the ensuing gaze shift (black traces). Note that the occurrence of reduced saccade velocity, and secondary velocity peaks are correlated with the amplitude of the associated head movement and not on the size of the gaze shift which in these examples were identical and cannot account for the diVerences in velocity proWle. The examples in Fig. 10 , highlight an additional point about the reduction in saccade velocity that occurs as a function of increasing velocity of the head. The VOR cannot account for these results. This statement is based on the observation illustrated in Fig. 10 , that the diVerence in saccade velocity seen when the two movements are compared, occurs at a point in time when there is no diVerence in the ongoing head movements (vertical lines in a and b). At this point in time movements of the head were identical; head movement sensors will be carrying the same signals during these two movements. As a result, the diVerences in eye velocity proWles correlated with diVerences in head movement velocity cannot be accounted for with a mechanism that relies on sensing the movement of the head. Rather the data suggest the possibility of an interaction between head movement commands and the velocity of associated saccades (Tomlinson and Bahra 1986b; Freedman 2001; Freedman and Quessy 2004) . The role of the VOR during gaze shifts, in particular the gain of the reXex and the methods that have been used to assess the nature of the interaction between gaze shift commands and stabilizing reXexes will be addressed in the next section.
Several key observations have been outlined above, and each of them must be accounted for as hypotheses of gaze control are developed. Two of these observations, when considered together lead directly to what might appear to be an unexpected result. First, during constant amplitude gaze shifts when the eyes begin in diVerent orbital positions, saccade amplitude and head movement amplitude are inversely related. Second, as head movement amplitude increases the velocity of the associated gaze shift and saccadic eye movements decline (note that because head amplitude and velocity are linearly related, increases in Fig. 8 The eVects of increasing head contribution on the velocity of constant amplitude gaze shifts. During head unrestrained gaze shifts having amplitudes of 35° and directed along the horizontal meridian peak gaze velocity is plotted as a function of head contribution to the gaze shift (a). During horizontal gaze shifts having diVerent amplitudes, movements with similar eye movement amplitudes (33°) were selected and average saccade velocity is plotted as a function of head contribution (b). Data from two rhesus monkeys represented, respectively, by squares and circles. Error bars are 1SD amplitude are inextricably linked with increases in head movement velocity). A direct consequence of these rules of eye-head coordination is that during gaze shifts having constant amplitude and direction, the linear correlation between duration and amplitude that is one of the deWning characteristics of saccadic eye movements, can be reversed (Freedman 2008; Freedman and Cecala 2008 ). An illustration of this point is provided in Fig. 11 . In this Wgure, 35°g aze shifts along the horizontal meridian were made both with the eyes and head aligned, and with the eyes and head not aligned. Because of the varying starting positions of the eyes in the orbits, during these gaze shifts of similar amplitude, the amplitude of the saccadic eye movement varied from 5 to 35°. When the saccade amplitude was small, the head contribution was necessarily large (all gaze shifts had similar amplitudes). As shown, during small saccades made under these conditions saccade durations were long (>150 ms). In contrast, during larger saccades the duration of horizontal saccades was <100 ms. For this set of movements, the duration-amplitude relationship for saccadic eye movements (one of the deWning characteristics of saccades) is reversed; the slope of the duration-amplitude relationship is negative. Panel B illustrates similar data from a second subject. This is another important example of the dramatic changes in saccadic eye movements that result when gaze shifts are accomplished with coordinated movements of the eyes and head.
Vestibulo-ocular reXex
Controlling the coordination of various mobile elements (whether we consider reaching, walking or changing the direction of the line of sight), must address the inherent conXict between stabilizing reXexes and de-stabilizing motor commands. The VOR and cervico-ocular reXex (COR) act to stabilize the retinal image in response to head and body movements. In particular, the VOR uses signals proportional to head velocity derived from the semi-circular canals in order to drive the eyes at a speed equal to that of the head but in the opposite direction. If this compensation were perfect, the retinal image would remain unchanged despite perturbations of the head. Gaze shift commands necessarily de-stabilize (albeit temporarily) the retinal image, moving the retina so that new images fall on the fovea. If the VOR and/or COR were operational (at a gain close to 1) during gaze shifts made up of coordinated movements of the eyes and head, the expected eye velocity (that observed during saccades of similar amplitudes when the head did not move) would be reduced by approximately the velocity of the concomitant head movement. This potential reduction in saccade velocity would result from the addition of two competing signals: the saccadic command that is part of the gaze shift driving the eyes to a new location, and the reXex signals attempting to stabilize the retina in space in response to a movement of the head.
An additive mechanism like this, that came to be known as the linear summation hypothesis (Laurutis and Robinson 1986; Guitton and Volle 1987) , was proposed by Bizzi et al. (1971 Bizzi et al. ( , 1972a Dichgans et al. 1973; Morasso et al. 1973; Dichgans et al. 1974 ) as a mechanism for coordinating the eyes and head during gaze shifts. Thus the planning of the gaze shift would be independent of head movement planning; any head movement would be eliminated by the VOR-induced reduction in saccade velocity during execution. This greatly simpliWes the coordination of the eyes and head. However, several problems arise from this approach. The Wrst is that the head contribution to gaze shifts will always be canceled by the VOR. This would prevent gaze shifts to targets beyond the neuromechanical limits of ocular motility; with the eyes initially centered in the orbits it would not be possible to make a single gaze shift larger than »45°. The linear addition hypothesis also assumes that the VOR operates near unity gain during gaze shifts. Numerous experiments testing this assumption have since been carried out.
Tests of the hypothesis that the VOR remains active throughout gaze shifts have taken a variety of forms. Despite the technical diVerences, conceptually these experiments were similar in that each attempts to perturb the movement of the head during gaze shifts and then assess the ocular response to the perturbation. In some cases the perturbation took the form of an unexpected halting of the head movement via an electronic braking mechanism (for examples see Guitton et al. 1984; Guitton and Volle 1987) , others imposed brief torque pulses using an electronic clutch (Tomlinson and Bahra 1986b; Cullen et al. 2004) , and in one case head perturbations were produced using a light tap with a rubber hammer on a yoke encircling the subject's head and clamped in the teeth (Laurutis and Robinson 1986) . In all cases a modiWcation of the head movement was used to assess the gain of the VOR. The results, however, have varied. For instance, several studies concluded that the VOR was turned oV during gaze shifts larger than »30° in cats (Roucoux et al. 1980) , in human subjects (Jürgens et al. 1981b ) and in rhesus monkeys (Tomlinson and Bahra 1986b) . In contrast during smaller gaze shifts (<30°), it was concluded that the VOR remained active (Blakemore and Donaghy 1980; Roucoux et al. 1980; Guitton et al. 1984; Tomlinson and Bahra 1986b) . This result is consistent with the idea that during small gaze shifts the head contributes very little and so an active VOR would be useful in correcting for unwanted head motion. However, during larger gaze shifts when the head might be expected to be an important contributor to the active change in gaze direction, an active VOR would be counterproductive. In fact it was suggested that the VOR gain might be Fig. 10 EVects of head movements on eye velocity during gaze shifts of similar amplitudes. During 35° gaze shifts directed along the horizontal meridian, eye solid lines) and head (dotted lines) from two movements are plotted as function of time. In one example the head contribution was small (gray traces) and in the other the head contribution was much larger (black traces). Examples in panel a are from a rhesus monkey, in panel b similar movements are made by a human subject. Vertical lines in each panel highlight the large changes in saccade velocity at a point in time at which the head had barely begun to move Fig. 11 Reversal of the duration-amplitude relationship observed during constant amplitude gaze shifts directed along the horizontal meridian. Saccade duration is plotted as a function of saccade amplitude for two rhesus monkey subjects (a, b). In each case, gaze shifts were to a target displaced 35° from the Wxation target. Movements were initiated with the eyes in a variety of orbital positions. In both case the slopes of the lines of best Wt are negative (based on Freedman and Cecala 2008) modulated as a function of gaze motor error. Thus, VOR gain would be low at the onset of larger gaze shifts but return to unity gain near the end of the gaze shift (Pelisson et al. 1988) . A test of this hypothesis that kept gaze amplitudes constant and varied the contribution of the head would be informative, but has not yet been carried out.
The majority of tests of VOR gain used to arrive at these conclusions, however, were not suYciently sensitive to determine the time course of changes in VOR gain during gaze shifts. Using a novel approach Tabak et al. (1996) were able to measure VOR gain throughout gaze shifts of diVerent amplitudes. Using human subjects, these authors designed a helmet with a torque-motor-driven Xy wheel. Acceleration of the Xy wheel produced a reactive torque on the helmet and on the head of the subject. Using high frequency oscillations it was possible to assess VOR gain continuously throughout gaze shifts; brief torque pulses could also be used to perturb the head. Their results suggested that VOR gain was modulated-reduced sometimes by as much as 50%-but never fully suppressed, even at the beginning of large amplitude gaze shifts.
In a slightly diVerent approach, the time course of VOR gain changes was investigated by applying short duration (»5 ms) torque pulses at diVerent points throughout gaze shifts (Freedman et al. 1998; Cullen et al. 2004) . In the example shown in Fig. 12 (from Freedman et al. 1998) , mean eye velocity is plotted as a function of time for three sets of trials. The Wrst (black) were control gaze shifts of 70°. In other trials that were randomly interspersed with the controls, are trials in which a 5 ms torque pulse was applied to the head driving the head either in the direction of the ongoing movement (dark gray), or driving the head in the direction opposite to the ongoing movement (light gray). Torque pulses were applied 5 ms before gaze shift onset. The eVects of the torque pulse on head velocity during perturbations in each direction are compared to head velocity during control trials (inset). As illustrated when the head was unexpectedly rotated in the direction opposite to the ongoing head movement, eye velocities increased compared to control movements. Similarly when head perturbations drove the head in the direction of the gaze shift, eye velocities were reduced. The latency of the eVect of head perturbation on eye velocities was »10 ms, consistent with VOR latencies. When VOR gain was calculated by comparing the changes in head and eye velocities during perturbations, it was found to remain elevated (near unity gain) throughout gaze shifts. Cullen et al. (2004) , in a more comprehensive study using a similar technique, describe the time course of VOR gain from three subjects during 60°g aze shifts. During perturbations in the direction opposite ongoing movements, one of their subjects showed very little modulation of the VOR gain. In this subject only a 10% reduction in gain was observed when the torque pulse was applied 100 ms after movement onset. Data from this subject were similar to that described by Freedman et al. (1998) . However, in a second subject, during perturbations delivered 50 ms after movement onset Cullen found a nearly 80% reduction in VOR gain, and the reduction declined (VOR gain increased) as movements progressed. Data from this subject were similar to earlier work (for example Pelisson et al. 1988) in which the VOR gain appeared to be modulated as a function of gaze motor error. A third subject in the Cullen experiment also showed a modulation of VOR gain but VOR gain was reduced only by »35-40% (data consistent with the study of Tabak et al. 1996) . Data during head perturbations in the direction of the ongoing movement were more consistent, but revealed much less attenuation (»20%) of VOR gain (Cullen et al. 2004) .
As may be clear from the variety of conclusions drawn from the experiments outlined above, there is no consensus on the role of the VOR during visual orienting behaviors. Yet, understanding how the conXict between stabilizing reXexes and destabilizing motor commands is resolved is a critical question for furthering the study of eye-head coordination and for a more general understanding of the neural control of coordinated actions. One possible solution to this general problem and also a potential resolution of the confusing results of tests of the VOR during gaze shifts is an idea that was clearly delineated by von Holst and Mittlestaedt in 1950 [translated into English by P. Dodwell (von Holst and Mittelstaedt 1971)] , and simultaneously by Sperry (1950) . Head perturbation during an ongoing 70° gaze shift. Mean eye velocity is plotted as a function of time during three sets of trials. Control trials (black), trials in which a brief torque pulse was applied to the head driving the head in the direction of the ongoing gaze shift (dark gray), and trials during which the torque pulse drove the head in the direction opposite the ongoing gaze shift (light gray). The inset shows the eVects of the torque pulse on the head. Movements were to the left (modiWed from Freedman et al. 1998) In the von Holst and Mittlestaedt exposition of reaVerence (the inXow of sensory information caused by a centrally generated movement) these authors suggest that rather than operating on the sensory inXow directly, that "reXexes" operate on the diVerence between expected and actual reaVerence. Expected reaVerence is an internal prediction of the reaVerence caused by the motor commands that produce the movement in question and is derived from a copy of the motor command. If sensory inXow exactly matches the expected inXow no corrective action is required. If on the other hand the expectation diVers from the actual inXow, corrective motor commands will be issued. This mechanism has been clearly established in the electric Wsh electrosensory system (Bell 1981 (Bell , 1982 (Bell , 1984 Bell et al. 1997a, b) .
EVorts to demonstrate a functioning "reaVerence comparator" mechanism that may modulate the gain of the VOR during gaze shifts in primates have been more diYcult. Nonetheless, if one assumes that the expected reaVerent signal can be altered by experience (see Bell 1982) , this hypothesis suggests that the variability in results of head perturbation experiments could stem from the predictability (or lack thereof) of the perturbation. If the timing, direction and/or amplitude of perturbations are predictable and the sensory inXow caused by head perturbations becomes part of the expected reaVerent signal, the VOR will appear to be inactive during gaze shifts (Roucoux et al. 1980; Jürgens et al. 1981b; Fuller et al. 1983; Tomlinson and Bahra 1986b; Pelisson et al. 1988; Cullen et al. 2004 ); there will be reduced ocular compensation for the head perturbation. In contrast, if perturbations are unpredictable, the expected sensory inXow will not account for the activity produced by the perturbation and the VOR will appear to be active with near unity gain (Blakemore and Donaghy 1980; Guitton et al. 1984; Laurutis and Robinson 1986; Freedman et al. 1998; Cullen et al. 2004 ). This suggests an experimental approach to addressing this issue using adaptation to the head perturbation as a method of probing the buildup of the expected reaVerent signal. If correct, the gain of the VOR should appear to be high when the head is perturbed unexpectedly, but should decline steadily with repeated and predictable head perturbations as the expected reaVerent signal is modiWed to include the eVects of the perturbation. The data from the electric Wsh as well as the nature of the adaptation process required by this hypothesis make the cerebellum a good candidate for implementing this type of mechanism. The advantage of such a mechanism is clear: stabilizing reXexes will only operate on unexpected sensory inXow correcting movements that are not progressing as planned. ReXexes in this type of scheme will also leave unaltered the "destabilizing" motor commands as long as they are being executed as predicted.
Modeling the gaze displacement control system Figure 3 presented a schematic diagram of a saccade control system (Jürgens et al. 1981a; Moschovakis 1994) . This hypothesis was designed to capture the main features of saccadic eye movements made when the head is prevented from moving. Extensions of this model to include coordinated movements of both the eyes and head have taken several diVerent forms. In one of the early hypotheses of gaze control the strategy was to maintain the basic structure of the head-restrained model but proposed that gaze displacement (rather than eye displacement relative to the head) might be the controlled variable. Thus, in this scheme a signal of desired gaze displacement was compared to an internal representation of current gaze displacement to provide a gaze motor error signal. This served as input to the non-linear gaze burst generator that produced a signal proportional to gaze velocity. It was suggested that the gaze velocity command could drive both the head and the eyes (Guitton et al. 1990; Galiana and Guitton 1992) . Figure 13a illustrates a schematic diagram showing the basic structure of this type of gaze displacement model. As illustrated the gaze velocity command provided a common drive to both the eyes and head. This hypothesis accounted for the tight coupling observed in both the relative timing and relative amplitudes of eye and head movements seen in some subjects. However, as described above, eye and head movements are not coupled in an obligatory fashion. In fact, the apparent coupling only arises when gaze shifts are made under a narrow subset of conditions: when the eyes and head always begin in the same relative positions. During more natural movements, or when the initial positions of the eyes relative to the head are experimentally varied, there is little temporal coupling of eye and head movements, and the amplitudes of eye and head movements vary inversely. Furthermore, as head velocities increase, saccade and gaze shift velocities decline. It is diYcult to reconcile the gaze control strategy outlined in Fig. 13a with the variety of eye-head movements observed during gaze shifts and the degree of dissociation seen in the metrics and kinematics of gaze, eye and head movements.
An alternative scheme (Fig. 13b) , accounts for some of the eye-head dissociation data by assuming that a gaze velocity command is separated into eye and head velocity signals inside the feedback control loop. The reliance on a common gaze velocity command remains problematic for models of this type. As head velocity increases, both gaze and eye velocities decline. But in this scheme there is no apparent mechanism that can account for reductions in eye and gaze shift velocities that are correlated with increases in the velocity of the head.
A third class of alternative assumes that a desired gaze displacement signal is separated into eye and head commands before the dynamic control elements (Tomlinson and Bahra 1986b; Tomlinson 1990; Freedman 2001 ). An interaction between head and eye signals (a copy of a signal proportional to head velocity reduces the gain of the saccadic burst generator) leads to the observed dissociations of eye and head metrics and kinematics. Note that the head-related signal that interacts with the saccadic burst generator is a copy of the head motor command, and not derived from sensory input from the neck proprioceptive or vestibular sensors. This hypothesis makes two critical and unique predictions. If a signal can be added along the head command pathway (after it has been separated from the eye movement command path), an unexpected reduction in saccade velocity should occur via the proposed inhibition of the burst generator gain. In addition, because gaze shift amplitude is not controlled via feedback (the feedback controller operates on desired eye movement amplitude), prolonging the saccade by adding to the head movement command should lead to hypermetric gaze shifts. Using electrical stimulation of the nucleus reticularis gigantocellularis (NRG), Freedman and Quessy (2004) tested these predictions. Note that during Wxation of a central target, NRG stimulation evokes horizontal head rotations that are not accompanied by saccadic eye movements (Cowie and Robinson 1994; Quessy and Freedman 2004) , and neurons in NRG receive direct input from the superior colliculus and project to neck motor neurons (Peterson and Richmond 1988; Isa and Sasaki 2002) . Figure 14a -c illustrates the eVects of NRG stimulation on an ongoing movement made to the location of a brieXy Xashed visual target. In each panel, mean (¡SD) eye velocity during control movements is shown. On stimulation trials, NRG stimulation was applied 25 ms before movement onset; mean eye velocity ( §SD) is plotted in black. When stimulation frequency was 200 Hz (a) there was a minor reduction in the velocity of eye movements caused by NRG stimulation. However, when stimulation frequency was increased to 350 Hz, eye velocity at the beginning of movements was reduced, and then declined until around the time at which the stimulation train ended when there was a reacceleration of the eyes. Eye movements clearly had two velocity peaks and prolonged durations compared to control movements. During Fig. 13 Schematic diagrams of three classes of gaze control model. In a, desired gaze displacement is compared with an internal estimate of current gaze displacement to produce a gaze motor error signal. A single gaze burst generator produces a signal proportional to gaze velocity, and this common signal drives both the eye and head movements. The scheme in panel b is similar, but proposes that the gaze velocity signal is decomposed into separate eye and head velocity commands inside the dynamic feedback control loop. In c, the decomposition of gaze signals occurs upstream of the control loop. Here signals of desired eye and desired head displacement are used by separate burst generator elements to produce head and eye related velocity commands. A signal proportional to head movement velocity is proposed to reduce the gain of the saccadic burst generator. This head-eye interaction allows hypotheses of this type to capture the changes in saccade velocity that occur as head movement velocities increase 500 Hz stimulation of the same NRG site, initial eye velocity was further reduced, reaching only »125°/s. This reduced velocity was maintained until near the end of the stimulation train when a large increase in eye velocity was observed. The velocity proWles observed during NRG stimulation were quite similar to the variety of velocity proWles observed during gaze shifts associated with head movements of increasing amplitudes (see Fig. 9 ). These results are consistent with the eVects of the hypothesized reduction of the saccadic burst generator gain as a function of a head velocity command.
A second critical prediction of the Freedman (2001) hypothesis arises because the model assumes that gaze amplitude is not controlled directly. As a result injecting an additional head velocity signal (via NRG stimulation) should lead to hypermetric gaze shifts. In Fig. 14d , gaze velocity during control movements (gray) and during NRG stimulation trials (black) are plotted as functions of time. As shown, NRG stimulation reduces gaze shift velocity compared to control movements, and increases movement duration. In panel 14e, gaze positions are plotted as functions of time for the same sets of movements. As indicated, the amplitude of gaze shifts during NRG stimulation was much larger than during control gaze shifts to the same Xashed target. In fact, NRG stimulation resulted in gaze shifts that could be 150% as large as control movements. To the extent that NRG stimulation provides a way in which to alter the head movement command signal, these experiments tested two critical and unique predictions of the hypothesis outlined above. Results were not inconsistent with the hypothesized predictions. Note too that this hypothesis can account for the somewhat surprising reversal in the duration-amplitude relationship described in Fig. 11 (Freedman 2008; Freedman and Cecala 2008) .
Concluding remarks
The ways in which the nervous system mediates behavior, translates sensory information into actions, and carries out Freedman (2001) . Using electrical stimulation of the nucleus reticularis gigantocellularis (NRG) to artiWcially increase the head movement command, the model makes two types of predictions. The Wrst is that compared to controls during which there is no NRG stimulation, saccade velocities should be reduced during NRG stimulation. In panels a-c mean eye velocity during control trials (gray) is superimposed on mean eye velocity proWles during NRG stimulation (black). Stimulation frequency was 200 Hz (a), 350 Hz (b), and 500 Hz (c). A second critical prediction is that gaze shifts should be hypermetric when NRG stimulation increases the head contribution. Mean gaze velocity during control (gray) and NRG stimulation trials (black) are plotted as function of time (d), and for the same sets of trials mean control (gray) and NRG stimulation (black) position are also shown (e). Arrows in e highlight the endpoints of control and NRG stimulation trials (modiWed from Freedman and Quessy 2004) the computations required for orienting and navigating through our environment are critical components in our investigation of brain function. Despite the failure to reject the hypothesis above (Fig. 13c ) based on tests of two critical predictions, much remains to be accomplished if we are to elucidate the neural mechanisms that result in coordinated movements of the eyes and head. While modeling has proven to be a useful tool for generating explicit predictions, models are, after all, only particular instantiations of a speciWc hypothesis. They are only as useful as they are falsiWable.
A clear delineation of characteristics of visual orienting behaviors will constrain current and future hypotheses (i.e. modeling eVorts), but in order to evaluate these models there must be consensus on the data that each is required to simulate. In the sections above I have tried to present several features of gaze shifts that I deem to be essential in this regard: the ability to dissociate the timing and amplitude of eye and head movements; the eVects of initial eye position on the relative contributions of the eyes and head; the changes in saccade kinematics that are correlated with increasing head movement velocities; the reversal of the duration-amplitude relationship for saccades during gaze shifts of similar amplitudes; the apparent failure of the VOR or other sensory signals to account for the observed changes in saccade kinematics. This is not (nor is it meant to be) a complete list of all gaze shift rules that must be considered. But it is a place to begin. It remains to determine the neural mechanisms that may support these behaviors, clarify the role of the VOR during gaze shifts, divulge the contributions of the cerebellum and other brainstem structures, and unravel the nature of the interactions between the several subsystems (gaze changing, pursuit etc.) controlling visual orienting behaviors when the head is free to move.
